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ABSTRACT
We carried out UBVRcIc photometric study of three poorly studied young open clusters IC
1442, King 21, and Trumpler 7 (Tr 7). We obtained 263, 244, and 128 member stars us-
ing Gaia DR2 proper motions and parallaxes in IC 1442, King 21, and Tr 7, respectively.
The reddening, E(B−V), was derived to be 0.54±0.04, 0.76±0.06, and 0.38±0.04 mag for
these clusters. The comparison of observed colour-magnitude diagrams (CMDs) with solar
metallicity isochrones yields log(Age) = 7.40±0.30, 7.70±0.20, and 7.85±0.25 yr and corre-
sponding distances 2847±238, 2622±156, and 1561±74 pc for IC 1442, King 21, and Tr 7, re-
spectively. The estimated mass function (MF) slopes are found to be -1.94±0.18, -1.54±0.32,
and -2.31±0.29 for IC 1442, King 21, and Tr 7, respectively. The study of MF slopes deter-
mined separately in the inner and the outer regions of these clusters gives a steeper slope in
outer region which suggests spatial variation in slope and mass segregation in the clusters.
We found evidence of mass segregation after dynamical study in these clusters. The obtained
relaxation time, TE , is 74, 26, and 34 Myr for the clusters IC 1442, King 21, and Tr 7, respec-
tively. The mass segregation in IC 1442 may be caused by early dynamical relaxation. The
estimated TE is well below to the ages of King 21 and Tr 7 which indicates that these clusters
are dynamically relaxed.
Key words: open clusters: individual: IC 1442, King 21, Tr 7-techniques: photometric - stars:
formation - stars: luminosity function, mass function, mass-segregation
1 INTRODUCTION
Star clusters are excellent laboratories to test the theoretical mod-
els of stellar evolution as the stars in a cluster are born together in
the same molecular cloud therefore they have approximately sim-
ilar age, distance, and chemical composition. Since open clusters
specially young open clusters are mostly found in the relatively
dense background of the Galactic disk, it is necessary to sepa-
rate member stars of the young open clusters from the field stars
to accurately determine their physical parameters (Carraro et al.
2008; Dias et al. 2018b). Before availability of the kinematic data
of Gaia DR2, membership analysis was available for a very small
fraction of known star clusters. However, after availability of Gaia
DR2 astrometric data with unprecedented accuracy the situation
has changed (Dias et al. 2018b; Cantat-Gaudin et al. 2019; Mon-
teiro & Dias 2019). The Gaia DR2 data provides the better deter-
mination of membership of stars which lends an improvement in
the estimation of parameters through isochrone fittings (Dias et al.
2018b; Angelo et al. 2020). A precise membership and physical
parameters determination is very useful in the study of the distri-
bution of mass during formation of stars which is known as initial
? E-mail: jayanand@aries.res.in
mass function (IMF). The IMF of open clusters help us in having
insight in initial condition during star formation and evolution and
hence, IMF is considered as fossil record of star formation process
in the cluster. Whether the IMF is universal in time and space or
it depends upon different star forming conditions is still debated
(Bastian et al. 2010; Dib & Basu 2018; Jerˇábková et al. 2018).
The young open clusters are important in study of massive
stars as they have relatively high number of massive stars which
are otherwise not found in intermediate and old open clusters due
to stellar evolution. In the mass segregation effect massive stars are
mostly concentrated within the central region and low mass stars
towards outer region of the cluster. It is still debated whether rea-
son behind mass segregation is dynamical evolution of the cluster
or star formation process itself (Dib et al. 2018). The young open
clusters are spread in the spiral arms of the Galactic disk and hence,
they are important tools to study the structure and evolution of the
Galactic disk (Joshi et al. 2016; Molina Lera et al. 2018; Dias et al.
2019). The young open clusters are also helpful in study of massive
stars and the stellar evolution in the upper part of the Hertzsprung-
Russell diagram (Aidelman et al. 2012).
We are carrying out a long-term observational program of
in-depth photometric study of open clusters at ARIES, Nainital.
This program is particularly focused on young and intermediate
c© 2020 The Authors
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Figure 1. The finding charts for the clusters IC 1442, King 21, and Tr 7. The image sizes are 18′ × 18′ .
age open clusters (Joshi et al. 2012, 2014, 2020; Maurya & Joshi
2020). In this paper, we present a comprehensive photometric study
of three young open clusters IC 1442, King 21, and Tr 7 as contin-
uation of our ongoing project of investigating open clusters. The
cluster IC 1442 is poorly studied cluster and a photometric study is
necessary to understand stellar and dynamic evolution of the clus-
ter. The distance to the cluster IC 1442 is reported in Yilmaz (1970).
The reddening, age, and distance of King 21 are derived using pho-
toelectric data by Mohan & Pandey (1984). The cluster King 21
is included in paper on search of peculiar stars in open clusters by
Netopil et al. (2007). King 21 is also listed in Be emission study by
Mathew et al. (2008). There is significant difference in the param-
eters derived in these studies. A comprehensive photometric study
based on membership determined using precise proper motions and
parallaxes is helpful in understanding stellar and dynamical evo-
lution in these clusters. The cluster Tr 7 is also a poorly studied
young open cluster. The reddening, age and distance modulus of
the cluster has been reported in previous studies (Vogt & Moffat
1972; McSwain & Gies 2005). The present study of membership
based on proper motions, stellar and dynamical evolution will be
useful in study of the cluster properties.
This paper is organized as follows. We described observations
and data analysis in Section 2. The structural parameters of the
clusters are obtained in Section 3. The stellar membership in the
clusters are discussed in Section 4 followed by estimation of phys-
ical parameters in Section 5. The dynamic evolution of the clusters
is studied in Section 6. We summarized our work in Section 7.
2 DATA
2.1 Observations and calibration
The observed UBVRcIc data used in this study were taken from
1.3-m Devasthal Fast Optical Telescope (DFOT) at Devasthal, In-
dia. The telescope is equipped with a 2k×2k CCD camera and have
a wide field of view of ∼ 18′ × 18′ . The CCD gain and read noise
are 2 e−/ADU and 6.5 e−, respectively. We also observed Landolt’s
standard fields SA 92 and SA 98 at various airmass positions in the
sky to obtain atmospheric extinction coefficients on the observed
nights. We took long as well as short exposure images to detect both
bright and faint stars present in the observed regions. The finding
charts for the observed regions of the clusters are given in Figure 1.
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Figure 2. Comparison of present photometric data with photoelectric data
of Mohan & Pandey (1984) for King 21 in U, B, and V bands.
The pre-processing like bias subtraction, flat field correction
and cosmic ray hits removal of the data was done using the Image
Reduction and Analysis Facility (IRAF). We estimated instrumen-
tal magnitudes through aperture photometry (Stetson 1987, 1992)
and PSF techniques using the DAOPHOT II software. The transfor-
mation of the instrumental magnitude to the standard system was
achieved using the procedure given by Stetson (1992). The trans-
formation of instrumental magnitude to standard magnitude is de-
scribed in Maurya & Joshi (2020). The obtained mean photometric
error in each magnitude bin for the present study are given in Ta-
ble 1. We compared present photometric data for King 21 with pho-
toelectric data of Mohan & Pandey (1984) in Figure 2 and found a
good agreement between the two photometries. We, however, could
not find photometric data for the clusters IC 1442 and Tr 7 to com-
pare with.
2.2 Archived Data
In the present study, we used near-IR data in the J, H, and Ks bands
from the Two Micron All-Sky Survey (2MASS) archive (Skrut-
skie et al. 2006). We converted Ks magnitudes to K magnitudes
using the relation provided by Carpenter (2001). The 2MASS sur-
vey mapped the sky in near-IR bands and have data with a signal-
to-noise ratio (S/N) greater than 10 reaching as deep as upto 15.8,
15.1, and 14.3 mag in J, H, and Ks bands, respectively. The proper
motions and parallaxes were taken from the Gaia DR2 archive
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Table 1. The average photometric error (σ) with number of stars given in
brackets for each magnitude bin in UBVRI bands.
Mag. IC 1442
range σU σB σV σR σI
10-11 - 0.003 (1) 0.030 (1) 0.004 (6) 0.008 (12)
11-12 0.007 (6) 0.003 (6) 0.008 (18) 0.013 (24) 0.008 (38)
12-13 0.003 (20) 0.007 (21) 0.008 (23) 0.013 (49) 0.009 (79)
13-14 0.005 (22) 0.003 (31) 0.004 (85) 0.013 (101) 0.008 (152)
14-15 0.003 (63) 0.003 (90) 0.006 (143) 0.012 (207) 0.009 (338)
15-16 0.004 (118) 0.004 (145) 0.009 (293) 0.013 (424) 0.009 (613)
16-17 0.006 (206) 0.005 (282) 0.008 (528) 0.013 (752) 0.014 (1108)
17-18 0.011 (381) 0.008 (492) 0.010 (915) 0.016 (1256) 0.023 (1827)
18-19 0.023 (646) 0.015 (874) 0.017 (1453) 0.023 (1891) 0.034 (1491)
19-20 0.062 (1141) 0.028 (1358) 0.031 (1921) 0.031 (1048) 0.072 (161)
20-21 0.133 (498) 0.059 (1802) 0.051 (743) 0.052 (48) 0.184 (3)
21-22 0.373 (5) 0.120 (1021) 0.106 (26) - -
King 21
10-11 - 0.007 (1) 0.006 (2) 0.011 (5) 0.003 (12)
11-12 0.003 (4) 0.004 (3) 0.003 (9) 0.004 (15) 0.001 (27)
12-13 0.003 (8) 0.002 (9) 0.002 (12) 0.002 (36) 0.002 (62)
13-14 0.002 (11) 0.002 (14) 0.002 (47) 0.002 (77) 0.002 (129)
14-15 0.003 (35) 0.002 (49) 0.003 (96) 0.002 (155) 0.003 (222)
15-16 0.005 (59) 0.003 (93) 0.004 (155) 0.003 (267) 0.004 (503)
16-17 0.007 (94) 0.004 (135) 0.005 (306) 0.005 (546) 0.007 (859)
17-18 0.012 (148) 0.007 (254) 0.008 (522) 0.009 (890) 0.013 (1136)
18-19 0.025 (292) 0.013 (434) 0.014 (851) 0.016 (1036) 0.021 (180)
19-20 0.072 (501) 0.028 (676) 0.029 (1008) 0.030 (109) 0.077 (4)
20-21 0.173 (222) 0.063 (1080) 0.058 (136) 0.074 (2) -
21-22 0.404 (8) 0.121 (394) 0.151 (2) - -
Tr 7
10-11 0.003 (5) 0.010 (3) 0.008 (5) - 0.005 (10)
11-12 0.004 (12) 0.005 (15) 0.005 (15) - 0.004 (27)
12-13 0.007 (12) 0.009 (12) 0.007 (24) - 0.005 (67)
13-14 0.006 (31) 0.008 (40) 0.005 (69) - 0.006 (120)
14-15 0.007 (47) 0.009 (67) 0.007 (112) - 0.007 (231)
15-16 0.011 (96) 0.007 (116) 0.006 (181) - 0.008 (409)
16-17 0.019 (144) 0.011 (170) 0.008 (312) - 0.013 (596)
17-18 0.054 (228) 0.018 (280) 0.013 (477) - 0.021 (416)
18-19 0.109 (179) 0.036 (441) 0.024 (594) - 0.051 (28)
19-20 0.274 (9) 0.077 (598) 0.044 (121) - -
20-21 - 0.170 (168) 0.098 (7) - -
21-22 - 0.400 (7) - - -
(Gaia Collaboration et al. 2018). The Gaia DR2 provides kine-
matic data with unprecedented precision. The trigonometric par-
allaxes from Gaia DR2 have mean parallax error up to 0.04 mas
and 0.7 mas for sources having G magnitudes upto ≤ 15 and 20
mag, respectively. The DR2 provides proper motions with uncer-
tainties up to 0.06, 0.2, and 1.2 mas yr−1 for the sources having G
magnitudes upto < 15, 17, and 20 mag, respectively.
2.3 Completeness of the observed data
It is difficult to detect all stars in the CCD image specially faint
stars due to many reasons like crowding of the stars, detection limit
etc. The knowledge of compeleteness of the data is thus required
to calculate the parameters dependent on the number of stars like
luminosity function, mass function, and cumulative distributions of
stars with radial distance. In the present study we randomly added
artificial stars of different magnitudes in the original images to esti-
mate the completeness of the data. The completeness of the data is
quantitatively characterized by the completeness factor (CF). The
CF is defined as the ratio of total number of stars recovered to the
number of artificial stars added in each magnitude bin. The plots of
calculated CF versus magnitude in U, B, and V bands are shown
in the Figure 3. The completeness decreases towards fainter mag-
nitudes due to increased number of stars in fainter magnitude bins
and detection limit of the telescope as can be seen from Figure 3.
Our data is complete upto 18, 19, and 19 mag in V band for the
clusters IC 1442, King 21, and Tr 7, respectively. In this study we
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Figure 3. Plots of Completeness Factor as a function of magnitude for IC
1442, King 21 and Tr 7 in U, B, and V bands.
used V band data to derive parameters affected by data complete-
ness.
3 SPATIAL STRUCTURE
The determination of the cluster structure, radial extent, and cluster
center is important in study of structural and dynamical evolution
of the cluster. The spatial structure of the cluster is also helpful
in understanding the distribution of stars within the cluster. How-
ever due to irregular shape and sometimes relatively lower density
of cluster stars against field stars of the open clusters, the precise
determination of cluster center and radial extent becomes difficult
(Kharchenko et al. 2013). We estimated cluster center using maxi-
mum density method as the center is the point where stellar density
is maximum. The spatial distribution of stars and structure of the
clusters were derived using radial density profile (RDP) method.
We calculated the number density of stars within concentric annu-
lar regions to derive the RDP of the clusters. The width of the annu-
lar regions were taken to be ∼0′.5. The larger width of the annular
rings are good for determination of sparse open clusters in which
fluctuations due to field stars have more impact on determination
of cluster extent. The derived cluster center using maximum den-
sity method are found to be at celestial coordinates (22:16:03.72,
+53:59:29.42), (23:49:52.40, +62:42:15.88), and (07:27:22.86, -
23:56:35.87) for the clusters IC 1442, King 21, and Tr 7, respec-
tively. The cluster centers derived by us are in agreement to the cen-
ters derived by Cantat-Gaudin & Anders (2020) as (23:49:54.96,
+62:42:18.0) and (07:27:23.76, -23:56:56.4) for King 21 and Tr
7, respectively. We derived radial density distributions of the clus-
ters by fitting RDP given by King (1962) and Kaluzny & Udalski
(1992) as following:
ρ(r) = ρ f +
ρ0
1 +
(
r
rc
)2
where ρ(r), ρ f , and ρ0 are stellar, field, and central density, respec-
tively. The rc denotes the core radius of the cluster. The core radius
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Figure 4. Plots of the stellar density variation with radial distance from
cluster center for IC 1442, King 21, and Tr 7. The best fit of radial density
profile given by King (1962) are presented by red solid curve.
Table 2. The structural parameters values obtained by us.
Cluster Central coordinates rc rcluster Rt
RA (J2000) DEC (J2000) (′) (′) (pc)
IC 1442 22:16:03.7 +53:59:29.4 1.7±0.5 9.5±0.5 10.70
King 21 23:49:55.0 +62:42:18.0 1.0±0.2 8.2±0.5 10.64
Tr 7 07:27:23.8 -23:56:56.4 1.0±0.3 7.1±0.5 7.82
is defined as radial distance at which ρ(r) becomes half of ρ0. The
χ2 best fit radial stellar density profiles of the stars detected in V
band for the three clusters are shown in Figure 4. The King pro-
file is presented by solid red curve in the figure. We derived core
radii using above relation as 1′.7±0′.5, 1′.0±0′.2, and 1′.0±0′.3 for
IC 1442, King 21, and Tr 7, respectively. To derive the cluster ra-
dius it is necessary to identify the cluster boundary. We took cluster
boundary as a point in radial direction where the radial stellar den-
sity is 1σ above the field star density. The radial stellar density at
the boundary of the cluster can be defined as
ρlim = ρ f +σ f
where σ f is uncertainty in the radial stellar density ρ f . Thus, the
cluster radius, rcluster, can be calculated as
rcluster = rc
√
ρ0
σ f
−1
We calculated the cluster radii using above formula on the derived
RDPs to be 9′.5±0′.5, 8′.7±0′.5, and 7′.1±0′.5 for the clusters IC
1442, King 21, and Tr 7, respectively. We have summarized the
estimated values of the structural parameters in Table 2.
4 PROPER MOTION: MEMBERSHIP
The main obstacle in the study of open clusters is field stars con-
tamination. It is necessary to separate field stars from the cluster
member stars to estimate the physical and dynamical parameters
of the clusters (e.g., Carraro et al. 2008; Dias et al. 2018a,b). The
member stars in the open clusters are more concentrated in the
proper motion plane than the field stars therefore method based on
proper motions are useful in identifying members in a cluster (An-
gelo et al. 2019, 2020). The vector-point diagram (VPD) based on
proper motions effectively separate the member stars from the field
stars in a cluster region (Dias et al. 2018b; Straižys et al. 2019). The
Gaia DR2 catalog provides kinematic data with unprecedented as-
trometric precision due to which membership determination based
on kinematic data of the clusters has become more reliable (Castro-
Ginard et al. 2018, 2019; Liu & Pang 2019). Therefore, we used
data from the Gaia DR2 archive in the kinematic study, member-
ship determination, and distance calculation for the clusters. The
VPDs based on proper motions in the RA-DEC plane for the three
selected clusters are shown in Figure 5. As it can be seen from Fig-
ure 5 that cluster stars encircled by red circle are separated from
field stars. The centers of the circles are determined by maximum
density method in proper motion plane (Joshi et al. 2020). The val-
ues of the centers are found to be at (µα∗, µδ) = (-3.35 mas yr−1,
-3.25 mas yr−1), (-3.25 mas yr−1, -1.65 mas yr−1), and (-2.50 mas
yr−1, 3.36 mas yr−1) for the clusters IC 1442, King 21, and Tr 7,
respectively. The radii of the circles are estimated from the plots
of stellar density as a function of radial distance from the centers
in the proper motion plane. The stellar density profile fitted with
a function similar to the radial density profiles of open clusters is
shown in Figure 5. We took radius as the distance from the cen-
ter where cluster star density falls close to the field star density in
proper motion plane. The derived radii of the circles in the VPDs
are 0.5, 0.5, and 0.4 mas yr−1 for the clusters IC 1442, King 21, and
Tr 7, respectively. We called stars within the red circles as probable
member stars. We found a total of 486, 454, and 225 probable mem-
ber stars for the clusters IC 1442, King 21, and Tr 7, respectively.
To avoid any field star contamination and quantify membership of
stars we calculated membership probabilities of stars in the cluster
regions. We estimated membership probabilities using a statistical
approach based on PMs of stars as also described in previous stud-
ies (Sanders 1971; Michalska 2019; Maurya & Joshi 2020).
The member stars of a cluster are gravitationally bound so
they show very narrow spread in parallaxes than field stars in par-
allax ($) versus magnitude plots (Angelo et al. 2020). Therefore
we applied parallax cut-off on the stars after taking membership
probability cut-off to be 60%. The plots for parallaxes as function
of magnitude for the clusters are shown in Figure 6. We identified
stars having membership probability more than 60% and parallax
within 1σ of mean parallax obtained for the cluster region stars of
the VPD as member stars for the clusters IC 1442 and King 21.
However, in the case of Tr 7, the stars having membership proba-
bility more than 60% and parallax within 2σ of the mean parallax
were identified as member stars. The relaxed cut-off in parallax for
the cluster Tr 7 is due to the fact that the cluster have relatively
larger average parallax value. We found 271, 249, and 128 stars
satisfying membership probability and parallax cut-off in the clus-
ters IC 1442, King21, and Tr 7, respectively. We plotted CMD from
these stars. We removed stars which were outlier on the CMD and
also have radial distance from the center greater than 0.3 mas yr−1
in the proper motion plane. We also removed few CMD outlier stars
as they were blended by neighbouring stars. Finally, We identified
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Figure 5. Plots of vector-point diagram (1st column), zoomed view of rectangle in vector-point diagram (2nd column), radial stellar density distribution in
proper motion plane (3rd column), and Colour-magnitude diagram (4th column) for the clusters IC 1442, King 21 and Tr 7. The probable members are encircled
by red circle in the vector-point diagrams. The member stars are shown by red points and the field stars are denoted by blue ’+’ sign in the colour-magnitude
diagrams.
Table 3. The mean proper motions, in mas yr−1 units, obtained for IC 1442,
King 21, and Tr 7.
IC 1442 King 21 Tr 7
Member stars:
µ¯α∗ -3.38±0.25 -3.24±0.23 -2.49±0.14
µ¯δ -3.21±0.22 -1.64±0.22 3.34±0.17
µ¯ 4.67±0.23 3.64±0.22 4.17±0.15
Field stars:
µ¯α∗ -2.39±4.01 -1.72±4.47 -1.50±2.80
µ¯δ -2.45±3.13 -0.96±2.68 2.01± 3.90
a total of 263, 244, and 128 stars to be member stars in the clusters
IC 1442, King 21 and Tr 7, respectively. Cantat-Gaudin & Anders
(2020) identified 116 and 118 member stars in the clusters King 21
and Tr 7, respectively. In Figure 7, we have shown histograms of
parallax of stars satisfying the membership probability cut-off as
well as member stars satisfying both the probability and the par-
allax cut-offs. One can see that parallax cut-off further refines our
membership selection. The average value of PMs calculated using
these member stars are given in Table 3. The estimated values of
PMs are in agreement with the values (-3.259 mas yr−1, -1.675 mas
yr−1) and (-2.484 mas yr−1, 3.329 mas yr−1) for King 21 and Tr
7, respectively reported by Cantat-Gaudin & Anders (2020). The
mean proper motion values for the member stars as well as field
stars obtained in the present study are given in Table 3. Only those
stars who have been identified as members are used in the following
analysis.
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Figure 6. Parallax versus V magnitude plots for the clusters IC 1442, King
21, and Tr 7. The probable members and field stars are denoted by red tri-
angles and blue circular points, respectively.
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Figure 7. Plots of histograms of parallax for IC 1442, King 21, and Tr 7.
The histograms for stars having membership probability (MP) above 60%
are shown by blue dashed line while histograms for stars satisfying both the
MP cut and the parallax cut are denoted by red solid line.
5 CLUSTER PARAMETERS
5.1 Reddening law
The dust and clouds present in the line of sight cause extinction
of the light reaching us by absorbing and scattering the light. It is
found from many previous studies that the normal reddening law
of Rv=3.1 is not always valid (Da Rio et al. 2016; Prisinzano et al.
2019). The lines of sight that pass through dust and dense clouds
may have different Rv values specially in case of young open clus-
ters (Sneden et al. 1978; Hur et al. 2012, 2015). Therefore, the es-
timation of Rv values for the young clusters which are likely to be
associated with gas and dust is necessary in calculation of interstel-
lar extinction in the direction of clusters. The slope of the (V-λ)/(B-
V) two-colour diagrams (TCDs) are used to find extinction due to
interstellar gas and dust (Chini & Wargau 1990; Prisinzano et al.
2019). The plots of TCDs (V-R), (V-I), (V-J), (V-H), and (V-K) ver-
sus (B-V) for the member stars are shown in Figure 8. The value of
total-to-selective extinction, Rcluster, in direction of the cluster was
calculated using following approximate relation given by Neckel &
Chini (1981):
Rcluster =
mcluster
mnormal ×Rnormal
where, Rnormal is normal value of total-to-selective extinction taken
to be 3.1 (Cardelli et al. 1989). mnormal and mcluster are the slopes
of linear fit to TCDs for the normal extinction and the extinction
in the direction of the clusters, respectively. The values of mnormal
and mcluster are given in Table 4. The mean values of Rcluster are
calculated to be 3.8, 3.4, and 3.3 in direction of IC 1442, King 21,
and Tr 7, respectively. Thus, we found anomalous reddening law
for the clusters and the higher values of Rv indicate presence of
larger dust grain size than the size in diffuse interstellar medium in
the direction of these clusters (Da Rio et al. 2016; Prisinzano et al.
2019). The presence of the larger dust grain size may be due to
destruction of the small grains by radiation emitted from O-B type
stars or growth of the grain (Da Rio et al. 2016; Prisinzano et al.
2019).
5.2 Reddening determination
5.2.1 Reddening in optical bands
The physical parameters of the clusters like age and distance are
derived through fitting theoretical isochrones on the CMD con-
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Figure 8. The (V-λ)/(B-V) diagrams for member stars in the clusters IC
1442, King 21, and Tr 7. The best fit for the slopes are presented by red
solid lines.
Table 4. The slopes of the (V-λ)/(B-V) diagrams for the member stars and
corresponding normal values
.
(V−R)
(B−V)
(V−I)
(B−V)
(V−J)
(B−V)
(V−H)
(B−V)
(V−K)
(B−V)
IC 1442 0.75±0.02 1.28±0.03 2.21±0.04 2.89±0.08 3.08±0.10
King 21 0.64±0.02 1.19±0.03 2.06±0.04 2.63±0.06 2.76±0.07
Tr 7 - 1.21±0.02 1.94±0.04 2.54±0.04 2.88±0.09
Normal (0.55) (1.10) (1.96) (2.42) (2.60)
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Figure 9. The (U-B) versus (B-V) diagrams for IC 1442, King 21, and Tr
7. The best fit ZAMS for isochrone given by Schmidt - Kaler (1982) are
shown by solid red lines. The dashed arrows present the reddening vector.
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Figure 10. The (J-K) versus (J-H) diagrams for IC 1442, King 21, and Tr 7.
The best fit isochrone given by Marigo et al. (2017) are shown by solid red
lines.
structed from member stars. A prior estimation of reddening is
necessary in order to accurately determine the age and distance of
the selected clusters from isochrone fitting on CMD. The redden-
ing, E(B-V), can be determined by fitting intrinsic zero-age main
sequence (ZAMS) isochrone on the (U-B)/(B-V) TCD (Phelps
& Janes 1994). We fitted intrinsic ZAMS isochrones given by
Schmidt - Kaler (1982) to the (U-B)/(B-V) TCDs of the clusters
IC 1442, King 21, and Tr 7 as shown in Figure 9. The best fit of the
intrinsic ZAMS isochrone was achieved by shifting E(B-V) along
different values of the reddening vector
E(B−V)
E(U −B) . The reddening
vector was found to be 0.44±0.03, 0.60±0.04, and 0.36±0.03 for
the clusters IC 1442, King 21, and Tr 7, respectively. The redden-
ing vector for these clusters are shown by black dashed arrow in
Figure 9. We estimated E(B-V) to be 0.54±0.04, 0.76±0.06, and
0.38±0.04 mag for IC 1442, King 21, and Tr 7, respectively. Our
estimated value of the reddening for King 21 is less than 0.89 mag
and 0.85±0.05 mag reported by Mohan & Pandey (1984) and Ne-
topil et al. (2007), respectively. The mean reddening, E(B-V), for
the cluster Tr 7 was derived as 0.29 mag by Vogt & Moffat (1972)
which is lower than the value 0.38 mag estimated by us.
5.2.2 Reddening in near-IR bands
The near-IR photometry has been useful in the study of interstellar
extinction for open clusters (Turner 2011). The reddening E(B-V)
can also be obtained using near-IR TCDs (Cardelli et al. 1989; Car-
ney et al. 2005; Turner 2011). We derived E(B-V) values from the
near-IR (J-H)/(J-K) two-colour diagrams using the following equa-
tions:
E(J−H) = 0.273×E(B−V)
The (J-H)/(J-K) two-colour diagrams fitted with isochrone pro-
vided by Marigo et al. (2017) are shown in Figure 10. We used
only those member stars which have photometric uncertainty less
than 0.07 mag in J, H, and K bands to avoid uncertainty due to high
error in magnitudes. We found the colour ratio E(J−H)E(J−K) to be 0.65,
0.62, and 0.60 for IC 1442, King 21, and Tr 7, respectively. The
colour ratio, E(J−H)E(J−K) , found by us are greater than the normal inter-
stellar extinction ratio of 0.55 given by Cardelli et al. (1989). We
achieved best fit values of E(J-H) to be 0.15, 0.20, and 0.10 mag
which corresponds to E(B-V) values of 0.55, 0.73, and 0.37 mag
for IC 1442, King 21 and Tr 7, respectively. The E(B-V) values
derived from the near-IR TCDs reconfirms our finding of E(B-V)
values 0.54±0.04, 0.76±0.06, and 0.38±0.04 mag estimated from
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Figure 11. The plots for histograms of parallax with bin size 0.05 mas for
IC 1442, King 21, and Tr 7. The Gaussian fitted on the histograms are shown
by red dashed curves.
the optical (U-B)/(B-V) TCDs for IC 1442, King 21, and Tr 7, re-
spectively.
5.3 Age and Distance determination
5.3.1 Distance through parallax
The kinematic data from Gaia DR2 has been used in various useful
studies like membership determination, search of new open clus-
ters, determination of distances (Alejo et al. 2020; Castro-Ginard
et al. 2020). We used parallax from Gaia DR2 data to estimate
distances to the open clusters. The presence of systematic offsets
in parallaxes of Gaia DR2 has been reported in previous studies
(Lindegren et al. 2018; Luri et al. 2018; Stassun & Torres 2018).
It is preferred to estimate average distance to an open cluster from
the average value of parallax of member stars rather than averag-
ing distance of individual stars inferred from their parallaxes (Luri
et al. 2018). We estimated the mean value of the parallax angle
for the clusters by fitting Gaussian on the histograms. The plots
for the histograms with bin size of 0.05 mas and Gaussian fit are
shown in Figure 11. In this way we estimated mean parallax an-
gle as 0.268±0.082, 0.299±0.058, and 0.560±0.047 mas. The cal-
culated values of parallax angles are in agreement with the paral-
lax 0.305 and 0.554 obtained by Cantat-Gaudin & Anders (2020)
for the clusters King 21 and Tr 7, respectively. We calculated dis-
tances by inverting the mean parallaxes of clusters after applying
offset of -0.082 mas in the estimated mean parallaxes (Stassun
& Torres 2018) and obtained a distance of 2857±708, 2625±409,
and 1558±115 pc for IC 1442, King 21, and Tr 7, respectively.
A direct estimation of distance from Gaia DR2 parallaxes using
parallax-inversion method may results in a biased distance esti-
mate (Luri et al. 2018). Bailer-Jones (2015) suggested a method
based on probabilistic analysis to calculate more accurate distance
than distance estimated by inverting parallax. We found distances
after applying method as described in Bailer-Jones et al. (2018) as
2847±238, 2622±156, and 1561±74 pc for the clusters IC 1442,
King 21, and Tr 7, respectively. There is not any significant dis-
crepancy in distances calculated using these two methods in the
present study. However, our estimated distances are lower than the
distances ∼2994 pc and ∼1714 pc obtained by Cantat-Gaudin &
Anders (2020) for the clusters King 21 and Tr 7, respectively. Yil-
maz (1970) reported much lower distance of 1810 pc for IC 1442.
The distance of King 21 is estimated to be 3.41 kpc by Mathew
et al. (2008) higher than our estimated value. The distance to clus-
ter Tr 7 is found to be 1.60 kpc by McSwain & Gies (2005) which
is consistent with our estimate.
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Figure 12. The (B-V)/V CMDs for IC 1442, King 21, and Tr 7. The best fit (Marigo et al. 2017) isochrone are presented by red solid curves. The black and
the green dashed lines present (Marigo et al. 2017) isochrones corresponding to the upper and lower age limits of the clusters.
5.3.2 Age through CMD
The CMDs of the clusters have been very useful tool in identifica-
tion of the member stars and determination of the cluster param-
eters. These are also used in the study of blue stragglers, rotation
of stars, and multi-population in the clusters (Cordoni et al. 2018;
Piatti & Bonatto 2019; Rain et al. 2020). In this study we used (B-
V)/V CMDs to derive age of the clusters. The fitting of isochrone
on the CMD is affected by metallicity, reddening, age correspond-
ing to isochrone, and apparent distance modulus. We fitted theoret-
ical isochrones of solar metallicity given by Marigo et al. (2017) on
CMDs of the clusters IC 1442, King 21, and Tr 7. The reddening
values derived using (U-B)/(B-V) were used for the isochrone fit-
ting. We calculated apparent distance modulus using distance and
total-to-selective extinction estimated in Section 5.3.1 and 5.1. We
found apparent distance modulus to be 14.32, 14.68, and 12.22 mag
for IC 1442, King 21, and Tr 7, respectively. We fitted isochrones
of different ages on the CMDs and the plots of best fit CMDs are
shown in Figure 12 for these clusters. There is broadening in the
CMDs for fainter stars which can be due to larger photometric er-
rors in the magnitudes towards ∼20 mag stars. Through isochrone
fitting to the CMDs we derived log(Age) = 7.40±0.30, 7.70±0.20,
and 7.85±0.25 years for the clusters IC 1442, King 21, and Tr 7,
respectively. The age of 50 Myr found by us is close to 30 Myr
estimated by Mathew et al. (2008) for King 21. However, Netopil
et al. (2007) found lower age of ∼16 Myr for King 21. Our de-
rived value of log(Age) is greater than the value 7.40 yr estimated
by McSwain & Gies (2005) for the cluster Tr 7. The structural and
physical parameters estimated in the present study are summarized
in Table 5.
6 DYNAMICAL STUDY OF THE CLUSTERS
6.1 Luminosity function
The luminosity function (LF) is defined as number of stars belong-
ing to each magnitude bins. The derivation of the LF is prone to
uncertainty caused by data incompleteness specially for faint stars.
To avoid inaccuracy in LF we estimated completeness of our photo-
metric data as discussed in Sect. 2.3. We calculated LF from mem-
ber stars detected in V band by dividing number of stars detected
in each magnitude bin with CF for the given bin. The completeness
of our data is above 90% upto 18, 19, and 19 mag in V band for the
clusters IC 1442, King 21, and Tr 7, respectively. The derived LF
for these clusters is given in Table 6.
6.2 Mass function
The initial mass function (IMF) help us to have insight of initial
condition of star formation events. The young open clusters are es-
sential in the study of IMF as their present-day mass function are
nearly associated with IMF (Dib & Basu 2018). The value of the
MF slope of a cluster may be affected due to the dynamical evo-
lution and mass segregation (Sollima 2019). The MF is defined as
the relative number of stars per unit mass and often expressed by
power law N (log m) ∝ mΓ. The slope of MF is denoted by Γ and
calculated using formula: Γ = d log N(log m)/d log m, where N
log(m) denotes the number of stars per unit logarithmic mass. We
calculated mass function from the luminosity function. The mass of
the stars were derived by fitting isochrones of Marigo et al. (2017)
on the CMD of the clusters using reddening, age, and apparent dis-
tance modulus derived in Sect. 5. We used linear least square fit
to derive the MF slopes. We first estimated the MF slopes in the
entire region observed for the respective clusters. We then derived
MF slopes for the inner and the outer regions of the clusters sepa-
rately to study spatial variation in the MF slopes within the cluster.
We took a circular region as inner region around the cluster centers
of the radii equal to 6′.5, 4′.0, and 4′.0 for the clusters IC 1442,
King 21, and Tr 7, respectively. The outer region is defined as the
observed entire region minus the inner region. We found MF slopes
in the entire region of clusters to be -1.94±0.18 in mass range 9.31-
1.32 M, -1.61±0.35 in the range 6.89-1.16 M, and -2.28±0.26 in
the range 4.96-1.07 M for the clusters IC 1442, King 21, and Tr
7, respectively. The plots for linear least square fit of MF slopes
are shown in Figure 13. We excluded two very off points from
the MF slopes fitting for Tr 7 as shown with black open circles in
Figure 13. These two points corresponds to mass ranges 1.07-0.90
M and 0.90-0.76 M which are exactly below turn-over mass ∼1
M from where MF slope have been reported to follow different
slope than high mass stars (Kroupa 2001; Bonatto & Bica 2005;
Jerˇábková et al. 2018; Sollima 2019; Maurya & Joshi 2020). How-
ever, Moraux (2016) report turn-over mass to be 0.5 M and Khalaj
& Baumgardt (2013) report 0.65 M to be the turn-over mass. The
two-step power law nature of MF slope may be reason behind the
different trends for these two points but our data is not complete
beyond mass range 0.90-0.76 M in order to analyse the MF slope
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Table 5. The values of physical parameters obtained in the present study.
Cluster rc r µ¯ Rcluster E(B-V) log(Age) distance
(pc) (pc) (mas/yr) (mag) (yr) (pc)
IC 1442 1.4±0.6 7.9±1.1 4.67±0.23 3.8 0.54±0.04 7.40±0.30 2847±238
King 21 0.8±0.2 6.6±0.8 3.64±0.22 3.4 0.76±0.06 7.70±0.20 2622±156
Tr 7 0.4±0.2 3.2±0.4 4.17±0.15 3.3 0.38± 0.04 7.85±0.25 1561±74
Table 6. The LF and MF values derived for IC 1442, King 21, and Tr 7.
V IC 1442 King 21 Tr 7
Range Mass Range m¯ N Mass Range m¯ N Mass Range m¯ N
(mag) (M) (M) (M) (M) (M) (M)
10-11 - - - 6.891-6.889 6.890 1 - - -
11-12 9.31-7.99 8.21 2 6.89-6.70 6.89 1 4.96-3.87 4.94 1
12-13 7.99-6.24 6.77 3 6.70-5.89 6.47 1 3.87-2.80 3.19 8
13-14 6.24-4.36 5.37 5 5.89-4.62 5.21 12 2.80-2.00 2.35 15
14-15 4.36-3.01 3.65 18 4.62-3.34 3.92 16 2.00-1.56 1.79 15
15-16 3.01-2.09 2.46 33 3.34-2.35 2.74 21 1.56-1.28 1.43 21
16-17 2.09-1.59 1.83 36 2.35-1.72 1.97 38 1.28-1.07 1.18 23
17-18 1.59-1.32 1.45 66 1.72-1.39 1.54 49 1.07-0.90 1.02 20
18-19 - - - 1.39-1.16 1.28 47 0.90-0.76 0.82 14
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Figure 13. The plots of MF slopes for IC 1442 (upper panel), King 21 (middle panel), and Tr 7 (lower panel) in (a) entire, (b) inner, and (c) outer region. The
points presented by black open circles are excluded from the estimation of MF slopes.
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Table 7. The MF slopes for IC 1442, King 21, and Tr 7. The inner region
slopes are obtained in circular regions having radii equal to 6′.5, 4′.0, and
4′.0 for IC 1442, King 21, and Tr 7, respectively.
entire inner outer
Cluster Range Γ Range Γ Range Γ
(M ) (M ) (M )
IC 1442 9.31-1.32 -1.94±0.18 9.31-1.32 -1.64±0.14 9.31-1.32 -1.84±0.24
King 21 6.89-1.16 -1.54±0.32 6.89-1.16 -1.06±0.32 5.89-1.16 -1.93±0.15
Tr 7 4.96-1.07 -2.31±0.29 4.96-1.07 -1.78±0.32 3.87-1.07 -2.37±0.81
nature for lower mass ranges. The derived slopes and correspond-
ing uncertainty of linear regression solution for the entire, inner,
and outer regions of the clusters are given in Table 7. We also found
MF slopes in the outer regions of the selected clusters to be rela-
tively steeper than MF slopes in the inner regions which indicates
relatively high concentration of high-mass stars in the inner region
due to mass segregation in the cluster (Khalaj & Baumgardt 2013;
Maurya & Joshi 2020). We further investigated the mass segrega-
tion through statistical approach in the next section.
6.3 Mass segregation
Open clusters are known to have mass segregation (Dib et al. 2018;
Hetem & Gregorio-Hetem 2019; Dib & Henning 2019). The mass
segregation is the phenomenon in which bright and massive stars
are more centrally concentrated than faint and low mass stars in
clusters. It is still debated whether mass segregation takes place
due to the dynamical evolution of the cluster or star formation pro-
cess itself or a combination of both (Dib et al. 2018; Plunkett et al.
2018). In dynamical evolution of clusters massive stars transfer
their kinetic energy to low mass stars during equipartition of en-
ergy and accumulate in the central region of the cluster while low-
mass stars drift towards outer region (e.g., Allison et al. 2009a).
The mass segregation caused by star formation process itself takes
place due to formation of massive stars preferentially in the cen-
tral region of the cluster (Dib et al. 2007, 2010). The young open
clusters are of importance in studies of mass segregation as they
are nearly associated with formation process and early dynamical
evolution (Pavlík et al. 2019; Plunkett et al. 2018). The cumula-
tive distribution of stars with radial distance is used to study the
mass segregation in star clusters. We derived the cumulative radial
distribution of member stars in different mass ranges to study the
possible mass segregation in the clusters as shown in Figure 14. We
also corrected our data for incompleteness in the calculation of cu-
mulative distributions. We took high, intermediate, and low mass
ranges which are also mentioned in Figure 14. The mass ranges
were taken as to have statistically enough stars in each bins. As it
can be noticed from the figure that the massive stars are dominantly
distributed in the central part while low mass stars are distributed
in the outer region of the clusters. We also performed Kolmogorov-
Smirnov (K-S) test on the these mass range to examine whether
they are statistically different samples or not and we conclude with
above 99% confidence level that mass segregation effect is present
in the clusters IC 1442, King 21, and Tr 7. This finding of mass
segregation through radial cumulative method supports our conclu-
sion that steepening of the MF slopes in outer region indicates mass
segregation present in the clusters.
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Figure 14. The figure presents variation of cumulative distribution of num-
ber of stars with radial distance in IC 1442, King 21, and Tr 7, respectively.
The red solid lines, green dotted lines, and blue dashed lines correspond to
the high, intermediate, and low mass ranges, respectively. The mass ranges
are mentioned in upper left of the each plots.
6.4 The dynamical relaxation time
The dynamical relaxation time is calculated to find whether dy-
namical relaxation or star formation itself causes mass segregation
in the clusters (McMillan et al. 2007; Angelo et al. 2019). The dy-
namical relaxation time, TE , is the time required in which cluster
members exchange energies and the velocity distribution of stars in
the cluster approaches to Maxwellian equilibrium velocity distribu-
tion. TE is calculated using following formula given by Spitzer &
Hart (1971):
TE =
8.9×105(NR3h/m¯)1/2
log(0.4N)
where N is the total number of member stars and Rh is half-mass
radius (in parsecs) of the cluster. The m¯ is mean mass of the mem-
ber stars in solar mass units. TE is derived relaxation time in years.
The Rh is calculated using the cumulative mass of the stars with
increasing radial distance from the center of the cluster. The Rh is
the radial distance within which half of the total cluster mass lies.
We found Rh values to be 5′.9 (4.9 pc), 3′.0 (2.3 pc), and 3′.7 (1.7
pc) and corresponding TE values as 74, 26, and 34 Myr for the
clusters IC 1442, King 21 and Tr 7, respectively. As the relaxation
times for King 21 and Tr 7 are found to be smaller than their ages
we can conclude that these clusters are dynamically relaxed and
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mass segregation in these clusters are caused by dynamical relax-
ation. The cluster IC 1442 has TE larger than its age therefore the
mass segregation in it raises the speculation of segregation due to
star formation process itself. However, early mass segregation in IC
1442 can be attributed to rapid dynamical evolution occurring even
in very young clusters as suggested in some past studies (McMillan
et al. 2007; Allison et al. 2009b).
6.5 Tidal radius
The tidal interactions play important role in the dynamic evolu-
tion of open clusters (Meingast & Alves 2019; Jørgensen & Church
2020; Angelo et al. 2020). The structures of open clusters are also
influenced by tidal interactions as strong tidal effect causes com-
pact structure of clusters (Angelo et al. 2020). Young open clusters
orbits closer to the dense Galactic plane so they are more likely im-
pacted by the tidal interactions. The tidal radius of a cluster is the
distance from its center where the gravitational acceleration of the
cluster becomes equal to the tidal acceleration of the parent Galaxy
(von Hoerner 1957). The member stars of the clusters lie within the
tidal radius and are generally gravitationally bound to the cluster.
The stars which lie outside the tidal radius of the cluster are more
influenced by the external potential of the Galaxy in comparison to
the effective potential of the cluster. We used the following relation
given by Kim et al. (2000) to calculate tidal radius Rt:
Rt =
(
MC
2MG
)1/3
×RG
Where MC and RG are the total mass and the Galactocentric dis-
tance of the clusters. The MG is the Galactic mass contained within
RG . We obtained the total masses for the clusters as 483.16, 462.56,
and 186.00 M for the clusters IC 1442, King 21, and Tr 7, re-
spectively by fitting Marigo et al. (2017) isochrone on the CMD of
cluster employing the member stars only. We used the distance be-
tween the Galactic center and the sun as R0=8.0 kpc (Vallée 2017;
Camarillo et al. 2018). The estimated values of RG are found to be
9.31, 9.44, and 9.34 kpc for the clusters IC 1442, King 21, and Tr
7, respectively.
The Galactic mass contained within RG is calculated using the
following relation given by Genzel & Townes (1987):
MG = 2×108M
(
RG
30pc
)1.2
We obtained the values of MG calculated using above equation as
∼ 1.96×1011, 1.99×1011, 1.96×1011 M for IC 1442, King 21, and
Tr 7, respectively and corresponding tidal radius are calculated to
be 10.70, 10.64, and 7.82 pc, respectively. The tidal radii are larger
than the cluster radii estimated in Sect. 3 and the stars beyond the
tidal radius of these clusters would be considered as gravitation-
ally unbound to the respective cluster. The cluster parameters ob-
tained from the dynamical study of the selected open clusters in the
present study are given in Table 8. The number of member stars
used as mentioned in Table 8 are those member stars which are
detected in V band.
7 SUMMARY
Here, we present a comprehensive photometric study of three
poorly studied young open star clusters IC 1442, King 21, and Tr
7 as continuation of our effort to study some of the poorly studied
open clusters in the Galaxy. We used UBVRcIc photometric data
Table 8. The dynamical parameters calculated for IC 1442, King 21, and Tr
7.
Cluster parameter IC 1442 King 21 Tr 7
Number of member stars used 257 236 124
Mean stellar mass (m¯/M) 1.88 1.96 1.50
Total mass (M) 483.16 462.56 186.00
Cluster half radius (rh/pc) 4.9 2.3 1.7
Tidal radius (rt/pc) 10.70 10.64 7.82
Relaxation time (TE/Myrs) 74 26 34
taken with 1.3-m DFOT at Nainital supplemented with astromet-
ric data of Gaia DR2 and the 2MASS JHK near-IR data. These
clusters have been included only in a few previous studies while
no previous comprehensive deep photometry was available for any
of these clusters. We used kinematic data from Gaia DR2 in or-
der to identify member stars in the clusters to estimate the physical
parameters and understand the stellar and dynamical evolution in
these three clusters. We summarize the results of the present study
as following:
(i) We derived the cluster radii from their radial density pro-
files as 9′.5±0′.5, 8′.7±0′.5, and 7′.1±0′.5 for the clusters IC 1442,
King 21, and Tr 7, respectively.
(ii) We used Gaia DR2 proper motions and parallaxes to deter-
mine membership of the stars present in the clusters. We identified
a total of 263, 244, and 128 member stars in the clusters IC 1442,
King 21, and Tr 7, respectively. All the derivation of physical as
well as dynamical parameters in the present study has been carried
out using these identified cluster members only.
(iii) We obtained the mean proper motion, µ¯, of the clusters IC
1442, King 21, and Tr 7 using proper motions of member stars as
4.67±0.23, 3.64±0.22, and 4.17±0.15 mas yr−1, respectively.
(iv) The derived reddening values to be E(B-V) = 0.54±0.04,
0.76±0.06, and 0.38±0.04 mag using (U-B)/(B-V) diagrams for the
clusters IC 1442, King 21, and Tr 7, respectively.
(v) We derived reddening law using (V-λ)/(B-V) TCDs and
found anomalous reddening law in the direction of these clusters
as Rcluster = 3.8, 3.4, and 3.3 for IC 1442, King 21, and Tr 7, re-
spectively. The anomalous nature of reddening law was noticed to
be consistent in the optical as well as the near-IR studies.
(vi) We derived age of the clusters to be log(Age/yr) =
7.40±0.30, 7.70±0.20, and 7.85±0.25 for IC 1442, King 21 and
Tr 7, respectively and their distances were estimated as 2847±238,
2622±156, and 1561±74 pc using the parallax of the cluster mem-
bers.
(vii) The MF slopes in the entire observed regions of clusters IC
1442, King 21, and Tr 7 were found to be -1.94±0.18, -1.54±0.32,
and -2.31±0.29, respectively.
(viii) We estimated MF slopes of the clusters separately in the
inner and the outer regions of the clusters IC 1442, King 21, and
Tr 7 and found steeper MF slopes in the outer regions indicating
possible mass segregation in these clusters.
(ix) We also studied dynamical evolution in these clusters by de-
riving cumulative density distribution with radial distance in differ-
ent mass bins and found that massive stars dominantly distributed
in the inner regions of these clusters. The concentrated distribution
of massive stars in the inner regions of the clusters may be due to
mass segregation.
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